The study describes successful isolation of 96 fowl adenovirus (FAdV) strains from 789 chickens from 95 flocks. PCR specific for hexon gene encoding L1 loop was conducted. Amplicons were subjected to sequence analysis. The sequences were analysed by the software: BLAST, Geneious 6.0, and MEGA 5, then aligned with different adenovirus strain reference sequences accessible in GenBank database. The examined strains belong to the particular groups and serotypes. The sequences of all adenoviruses were classified into five species (FAdV A-E) and eight serotypes .
Introduction
Adenoviral infections are widely prevalent among birds including poultry and wild species in almost every country in the world (7) . Each year in Poland, the number of cases of adenovirus infections in birds is increasing. The pathogenic role of the aviadenoviruses is not clear enough. They can be isolated from both sick birds, and birds without any signs of illness (12, 16) . The role of adenoviruses as the opportunistic factors is indicated (7) . They can cause asymptomatic infections, but also they are an aetiological agent of diseases such as inclusion body hepatitis -IBH (6), hydropericardium hepatitis syndrome -HHS (7), gizzard erosion and ulceration (GEU) (20) , and pancreatitis (24) . Adenoviruses can be one of the reasons of immunodeficiency.
Aviadenoviruses are icosahedral in shape and nonenveloped dsDNA viruses with capsid size about 70-100 nm in diameter, which consists of 252 capsomers surrounding the core (13, 16) . Hexon is the main protein of the adenovirus capsid, encoded by 2800-2900 bp long fragment, with molecular weight of 106,7 kDa, (1, 4) . The protein consists of conservative components P1 and P2, which build the basis of the particle and allow to form trimmers. The variable fragment of the hexon protein forms the loops L1, L2, and, L4 (21) . The L1 loop (Hyper Variable Region, HVR) is 130 aa long and flanked by the P1 region (8) . There are four HVRs located in loop L1, two HVRs in loop L2, and one in loop L4. The type-specific antigenic determinant "ε" is encoded by HVR region of L1 and L2 loops (21) , while the sequence of L1 loop of adenovirus genome is specific for 12 serotypes of adenovirus (21) . This protein is responsible for the antigenic activity of the virus. Adenoviruses existing in poultry were divided into five species (FAdV A-E) and 12 serotypes (FAdV-1-8a, 8b-11) (5, 16, 23) .
The aim of this study was the molecular analysis of fowl adenovirus strains on the basis of L1 DNA sequences of hexon gene.
Material and Methods
Samples. The liver, intestines, and gizzard samples collected from 789 chickens were used. The chickens between 2 and 33 weeks of age originated from 84 different flocks with various production profiles.
Reference strain. The reference fowl adenovirus strain CELO, which belongs to the serotype FAdV-1 was acquired as a lyophilisate from a commercial company (Charles River Laboratory, USA). The strain was replicated in chicken embryo kidney (CEK) cell cultures.
CEK cell culture. CEK culture was prepared from 18-19-day-old SPF chicken embryos (Lohmann, Germany) according to the standard procedure. Growth medium was Eagle'a medium (MEM) with addition of 10% of bovine serum and 0.1% of antibiotic mixture (Antibiotic -Antimycotic, Gibco). Maintaining medium consisted of MEM with 0.1% of antibiotic mixture. Monolayer of CEK culture for virus isolation was received after about 48 h incubation at 37.5°C.
Isolation of adenoviruses. CEK monolayer was inoculated with homogenates of visceral organs after triple freeze and thaw, centrifugation and filtering through the Millipore filter of 450 nm diameter,. The infected cultures were incubated at 37.5°C and observed daily under the microscope.
DNA extraction. Total DNA was extracted directly from the liver, intestines, and gizzard of the examined birds, and from CEK culture inoculated with homogenates. Extraction was performed using DNA Mini Kit (Qiagen, Germany) according to the manufacturer's procedure. DNA templates were stored at -20°C until further analyses. PCR positive control. was DNA obtained from the reference strain CELO serotype FAdV-1. The negative control was the total DNA isolated from non-infected CEK cells.
Primers. The specific oligonucleotide primers were used for the amplification of the L1 loop of the hexon gene of all adenovirus serotypes. The primers were synthesised at the Institute of Biochemistry and Biophysics PAN in Warsaw. The sequences of nucleotide primers were as follows: FAdV F (sense primer): 5'ATGGGAGCSACCTAYTTCGACAT 3' and FAdV R (antisense primer): 5'AAATTGTCCCKR AANCCGATGTA 3'. The expected product size was 830 bp.
PCR. The reaction was conducted in the final volume of 25 µL reaction which contained: 2.5 μL of PCR buffer 10 x, 1 μL of dNTP (10 mM); 1.5 μL of each of primers (10 μM); 2 μL of DNA template, and 11.5 μL of sterile water. After the pre-denaturation at 95°C for 5 min, the denaturation step was performed at 94°C for 45 s, followed by primer annealing at 55°C for 1 min, product elongation at 72°C for 2 min, and final elongation at 72°C for 10 min. Thirty-five replication cycles were performed. Amplification was conducted in basic gradient thermocycler (Biometra, Germany).
PCR product analysis. After amplification, electrophoresis was carried out in 2% agarose gel with 1 µg/mL of ethidium bromide. Electrophoresis was conducted in Tris borate EDTA buffer, pH 8.2, (150 V and 80 mA) for 50 min in Mini Sub-Cell (Biorad, USA). After gel electrophoresis, the size of the amplicons was compared with the DNA Mass Ruller 1.031 bp (Fermentas, USA). The results were visualised using transilluminator UV, then photographed and analysed. The results were considered as positive when the received DNA product had predicted size of 830 bp.
Sequencing and phylogenetic analysis. After the amplification reaction, PCR products were purified using NucleoSpin Extract II (Marcherey-Nagel, France), then sequenced using GS FLX/Titanium sequencer (Roche, Switzerland) by the commercial company GENOMED (Warsaw). The phylogenetic analysis was performed by alignment of nucleotide sequences of the amplified fragments originating from the field adenovirus strain FAdV hexon gene with the fowl adenovirus reference sequences from GenBank database identified according to the general obligatory classifications. Phylogenetic tree was generated by the Neighbor-Joining method with the use of p-distance method (on 1000 bootstraped data sets). Four sequences of reference human adenovirus strains were also used in the dendrogram. The analyses were performed using the computer software: MEGA5, Geneious 5.3, and BLAST. On the basis of this analysis, the phylogenetic tree and the relationship between the examined adenovirus strains were determined.
Results
The presence of fowl adenovirus DNA was demonstrated in internal organs collected from 95 (12.2%) out of 789 examined birds. The sequence analysis of adenovirus DNA fragments enabled for classification of the viral genetic material to specific species and serotypes. The youngest birds infected with fowl adenovirus were identified among 2-week-old broiler ROSS 300 chickens. In chickens the following symptoms were observed: apatia and lack of appetite however chickens did not demonstrate any anatomopathological changes. The strain classified as a serotype 7 (FAdV-7) belonging to the species E, was isolated from their liver.
The oldest birds infected with fowl adenovirus were found among 33-week-old HY-LINE chickens. In chickens the following symptoms were observed: apatia and lack of appetite however chickens did not demonstrate any anatomo-pathological changes. Two strains were isolated from these birds: one strain, described as the 119/10j, was isolated from the intestines and classified as serotype FAdV-8b (species E), and another strain, described as 25/119/10w, was isolated from the liver and classified as serotype FAdV-11 (species D). During the study, the sequences of the fowl adenovirus L1 hexon region, that includes characteristic variable fragments for all adenovirus serotypes, were compared with the sequences of reference strains from different serotypes. The dendrogram of consensus sequences was is presented in the Fig. 1 , whereas the homology of adenovirus sequences with the reference strains is shown in Table 1 . All the analysed species were divided into eight branches. The first group was formed by 35 strains classified as serotypes FAdV-2 or FAdV-11. On the basis of the similarity of the examined sequence of these groups to the reference sequences of strain FAdV-11 C2B (accession number AF508959), and strain FAdV-2 ATCC VR-827 P7-A (accession number AF339915), the isolates were classified by ICTV as species D. High homology (90.7%) of sequences in this group was too high to allow the exact serotype differentiation. This branch was divided into two subbranches, suggesting that there were two serotypes; however, bootstrap value was too low to confirm this separation.
Four strains, classified in the previous PCR examination as the serotype FAdV-1 (19) , were confirmed by the sequence analysis. These strains fell into a separate branch on the dendrogram and showed 97.8% similarity to the reference strain FAdV 1PL/060/08 (accession number GU952110) representing serotype FAdV-1.
Ten field strains, determined previously by PCR method as serotype FAdV-5 (19), created two separate branches. First branch contains seven serotypes with a similarity to the reference serotype F. adenovirus 5 340 (accession number AF508952) and F. adenovirus 5 TR22 (accession number AF508953). The similarity of these strains was 97.2%. The second branch was created by three strains, previously described as the FAdV-5 (19) , and additional seven strains with the sequences closely homologous (83.5%) to the reference strain F. adenovirus 5 ATCC VR-830 T8-A (accession number AF339919). Nineteen strains with high similarity (93.9%) to reference strains serotype FAdV-7 YR36 (accession number AF508955) and FAdV-7 ATCC VR-832 B-3A (accession number AF339922) formed next branch of the tree.
The group of 17 strains, which have been classified as serotype FAdV-8 together with reference strain FAdV-8a TR59 (accession number EU979374), had a homology of 92.4%.
Strains 31/10z, 64/10j, and 62/10z created a separate branch with the reference FAdV-4 strain F. adenovirus KR5 (accession number EU 979370) as a species C with high similarity (96.1%).
One strain -35/10w could not be related to any of reference strains used in the study. The sequence of this strain was similar to fowl adenoviruses and the virus was isolated from chicken, but still it was not similar to any of reference strains used during analysis. BLAST analysis demonstrated some similarity to psittacine adenovirus 1, but not high enough to classify this strain as PsAdV-1.
The dendrogram was rooted by the addition of the reference sequences of the hexon gene characteristic for human adenoviruses: H. adenovirus 5 Adenoid 75 Hexon (accession number AB330086), Adenovirus type 2 complete genome (accession number J01917.1), H. adenovirus 6 Tonsil 99 Hexon (accession number MQ413315), and H. adenovirus C Tonsil 99 Hexon (accession number AY819830). The sequences created a separate branch, which was quite different from the examined fowl adenovirus strains.
The phylogenetic analyses enabled a clear division of the adenovirus strains into separate groups. The adenoviruses from species A, C, and D formed one cluster. Species B, which formed another cluster, showed similarities with the previous ones. The strains classified as serotypes FAdV-7, FAdV-8a, and FAdV8b were shown to be closely related, and formed next cluster of adenoviruses from species E. The result is in accordance with the International Committee on Taxonomy of Viruses classification of the adenoviruses into five different fowl adenovirus species A-E.
Consensus sequences built from the strains classified into corresponding serotypes allowed comparison of model sequences. The analysis has shown that due to high similarity of strains grouped in serotypes ranging from 83.5% (FAdV-D) to 97.8% (FAdV-1), it is possible to compare consensus sequences as representative for dendrogram branches. Percentage of nucleotide sequence homology ranging from 49.60% to 95.10% is shown in Table 2 . FAdV-8a *** 82.30%
FadV-8b *** *** represents percentage of nucleotide sequence identity of one sequence to itself (100%)
Discussion
The analysis of the genome fragment of fowl adenoviruses allowed to classify strains common for birds in Poland, and to determine their relationships to the reference strains. Three different classification systems of these viruses are not identical in the serotype numeration, therefore this fact can cause difficulties in comparison of adenovirus strains from different countries. It is remarkable that serotype FAdV-11 is classified as three species: C, D, or E, which is an example of substantial differences in taxonomy of adenovirus strains in USA, EU, and ICTV classification (18) . The serotype FAdV-12 does not exist in ICTV classification, and the serotype FAdV-8 is divided into two serotypes: FAdV-8a and serotype FAdV-8b (18) . Own studies (data not shown) suggest that there is a probable mistake in the description of F. adenovirus 5 ATCC VR-830 T8-A (accession number AF339919) serotype since it is the most similar to FAdV-8b serotype. Its close similarity to FAdV-7 and FadV-8a, and the difference from FAdV-5 suggests its classification as a FAdV-8b serotype. These classifications are based on the RFLP method and whole genome sequencing of adenoviruses (16, 18) .
The L1 fragment of the hexon gene is a domain with the highest variability, and it is responsible for determination of the antigenic properties of the virus (21) . Due to that , this region is very useful in the studies on phylogenetic properties and genotyping of adenoviruses (15) . The present study was focused on the region of hexon gene as a target for the PCR primers. The similarity of nucleotide sequences between the strains belonging to the same serotype, which were between (83%-98%), was estimated. However, the similarity between all examined strains was 63%. Raue et al. (22) determined the level of homology between serotype FAdV-1 and serotype FAdV-10 hexon protein to be approximately 76%. Sequence analysis based on 52K gene region, performed by Gunes et al. (9) , revealed that percentage of nucleotide sequence identities of the analysed FAdVs with each other ranged between 67% and 100%.
Analysis of nucleotide sequence identities of consensus sequences revealed that there are notable differences between L1 region. The identities varied from 49.60% to 95.10%. FAdV-4 was shown to be the most distinct serotype, while FAdV-8a and FadV-8b were closely related. All analyses suggest that sequencing of L1 region of hexon gene is an easy and efficient method of serotyping fowl adenoviruses. Sequence analysis has shown that L1 region is suitable for designing primers targeted to conservative or variable regions in order to detect aviadenovirus genus or specific serotypes, respectively. In the study, species E and D were the most common, whereas species A, B, and C occurred rarely.
Results of the sequencing did not completely confirm previous PCR results, in which some species were classified as serotype . After sequencing, these isolates have been classified as a serotype FAdV-7. This fact was probably caused by a close relationship between B and E species of adenoviruses, as well as high variability of target sequences, which may cause some difficulties in designing highly selective PCR primers. It is possible that the designed primers might have had too wide spectrum of the complementary targets, which resulted in obtaining the genome mixtures of two different serotypes. In fact, there is also a possibility of simultaneous infection of one bird with two different adenovirus serotypes.
In summary, the conducted phylogenetic analyses enabled demonstration of the eight serotypes belonging to five different species of aviadenoviruses. Gunes et al. (9) in their studies also confirmed the division of the five officially accepted FAdV species according to the ICTV classification FAdV (A-E) (3). The classification is continuously elaborated and contains many divergences, especially between American and European classification (18) . This may cause mistakes in assignment of the new isolates to the specific taxon. The study on the variability of hexon gene is significant for identification and classification of the infections caused by adenoviruses. It can be also very useful for the future experiments and determination of correlation between the pathogenicity and the antigenic properties of these viruses, for the vaccine elaboration, and development of new diagnostic methods (2, 6, 10, 11, 14) .
